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Abstract

Neutron reflectometry (NR) has been employed to study the structure and composition of thin films formed by 4-pentadecyl-
pyridine (C15-4Py) at a gold electrode surface. The thickness and the water content of films of C15-4Py have been measured as a
function of the potential applied to the electrode. At positive potentials, where condensed film is formed, the monolayer contains
defects that are filled with water. At very negative potentials, the film is desorbed from the electrode surface. NR has demonstrated
that, at these potentials, the amphiphilic molecules remain in close proximity to the gold surface as a thicker and water rich film.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Neutron reflectometry (NR) is a relatively new
technique that has proved to be very successful in
determining the structure of thin organic films deposited
either at the air—solution [1-3] or at the solid—solution
interface [4,5]. This technique has been shown to be
particularly useful in revealing the structure of sup-
ported biomimetic membranes [6—12]. At present, there
are only a few examples where this technique has been
used in conjunction with electrochemistry. Wiesler and
Majkrzak [13] and Noel et al. [14—16] employed NR to
study the structure of passive oxide films, Hillman et al.
to study polymer films at electrodes [17—19] and we have
performed neutron reflectivity studies of monolayers
and bilayers of surfactants and phospholipids at elec-
trode surfaces [20—23].
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The purpose of this paper is to demonstrate the power
of in situ NR to reveal previously unknown details of
electric-field driven structural transformations of a
monolayer of surfactant molecules deposited at a gold
electrode. The surfactant used in this study is
4-pentadecyl-pyridine (C15-4Py) which we have studied
using electrochemical [24], light scattering [25-27] and
in situ infrared reflection absorption spectroscopy
(IRRAS) [28] techniques. The differential capacity
curves shown in Fig. 1 illustrate the electrochemical
behaviour of a monolayer and bilayer films of C15-4Py
learned from previous studies. The molecules of C15-
4Py form a condensed film at potentials larger than
—0.1 V (vs SCE). The capacity of the monolayer in this
state is significantly higher than for the bilayer indicat-
ing the monolayer film incorporates water. In the
potential range between —0.2 and —0.5 V (SCE), the
capacity of both the monolayer and the bilayer is higher
indicating that the film becomes spongy and incorpo-
rates more water. At £ < —0.75 V (SCE) the capacity of
the interface in the presence of the surfactant merges
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Fig. 1. Differential capacity of the Au(l 1 1) electrode: dotted line-film
represents the film free interface, dashed line represents the interface
covered by a monolayer film of C15-4Py molecules deposited at £ =0
V (SCE) using the single horizontal touch. The solid line is for a bilayer
of C15-4Py. The electrolyte solution was 0.050 M KClO4+1 mM
KHCO:s.

with the capacity of the film-free interface which means
that the film is seemingly desorbed from the electrode
surface. However, light scattering and fluorescence
experiments [25—-27] demonstrated that in the desorbed
state the surfactant molecules remain close to the
electrode surface in the form of aggregates (micelles,
flakes or bilayers) and when the direction of the voltage
sweep is reversed they spread back onto the metal
surface. The formation of aggregates during cathodic
desorption of long chain amphiphilic molecules is a
general phenomenon that has recently been observed in
many laboratories [29-38].

Although the C15-4Py system has been intensely
studied, the current understanding is by no means
exhaustive. Several issues concerning both the state of
the molecules at negative potentials (after being cath-
odically desorbed) and in the condensed state at more
positive potentials remain unanswered. How much
water is included in the organic layer in the two states?
Are the aggregates formed at negative potentials still
attached to the electrode or is there an interstitial layer
of water between the organic material and the gold
surface? We will demonstrate here that in situ NR can
provide precious information on how the water content
and the thickness of the film vary with the electrode
potential. We will also show that it is a unique
technique, which allows one to determine how far the
surfactant aggregates are from the electrode surface.
The results show how the unique information contrib-
uted by NR can lead to a better understanding of the
behaviour of surfactant molecules at electrified inter-
faces.

2. Experimental

2.1. Neutron reflectometry

Neutron reflectivity experiments were carried out on
the NG-7 reflectometer at the National Institute of
Standards and Technology (NIST) in Gaithersburg,
MD. The working electrode was derived from a polished
single-crystal ( ~82 mm x ~ 38 mm x ~ 13 mm) quartz
substrate obtained from CrysTec GmbH (Berlin, Ger-
many). Thin layers of chromium and gold were sequen-
tially sputtered on the substrates. The resistance of the
thin film of gold was on the order of a few ohms. The
cyclic voltammetry curves recorded on these thin film
gold electrodes resembled CVs recorded at the Au(1 1 1)
surface suggesting that the sputtered gold layer was
preferentially (1 1 1) oriented. The crystals were de-
greased with ethanol, irradiated in a UV-cleaner (Je-
light, Irvine, CA) for 20 min to oxidize any organic
contaminants and then rinsed with Milli-Q water ( > 18
MQ). The irradiation procedure was repeated until the
substrate was uniformly hydrophilic. A stream of
purified argon was then used to dry the water from
the gold surface. The counter electrode was a gold foil of
the same approximate surface area as the working
electrode. This electrode was cleaned in piranha solution
(70:30 mixture of H,SO4 and H,0O,) and thoroughly
washed with MilliQ water.

A film of C15-4Py spread at the surface of water in a
small Langmuir trough at the equilibrium spreading
pressure 33 mN m ! was transferred onto the dry, gold-
coated surface of the quartz crystal using the
Langmuir—Schaefer technique. We will refer to this
procedure as the single touch procedure. A single touch
film was characterized by a high capacity, indicating
that the film contained a significant amount of water.
To improve the film quality, the electrode covered by a
monolayer of C15-4Py was detached from the solution
at the open circuit potential and brought in contact with
the film spread at the air—solution interface for the
second time. For small electrodes employed in electro-
chemical or spectroelectrochemical experiments (surface
area ~0.25 cm?), a bilayer was formed using the double
touch method. For the large electrodes (surface area
~ 30 cm?), used in neutron reflectivity experiments, we
were only able to transfer a monolayer film by the
double touch method.

The working and the counter electrodes were then
assembled into a special cell made of Teflon, which was
also cleaned in the piranha solution. The electrolyte
solution was 50 mM NaF prepared in either MilliQ
H,0, D,0 (99.9%) from Sigma (St. Louis, MO), or a
mixture of H,O and D,O. The electrolyte solution was
degassed with argon and then introduced into the inlet
of the Teflon cell. The reference electrode (Ag/AgCl,
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E ~ —40 mV vs SCE) was then placed in an arm leading
into the Teflon block.

Neutron reflectivity measures the normalized (by the
incident flux) intensity of specularly reflected neutrons
as a function of the momentum transfer vector Q,. A
fixed neutron wavelength of 4.76 A was used. The error
points on the data represent the statistical errors in the
measurements (standard deviation ¢). A constant in-
strumental resolution of AQ,/Q,=0.043 (FWHM) was
used throughout the scan. An ‘inverted’ geometry, in
which the gold-coated quartz electrode was above the
solvent phase, was used in our experiments. Varying the
angle of incidence allowed reflectivities to be measured
in the O, range of ~ 0.0 to up to 0.18 A ~!. Reflectivities
with reasonable statistics were measured down to values
of R ~3x 10 °. Typical counting times were 8—10 h,
excluding background measurements. The data were
reduced taking into account the neutron beam transmis-
sion through the quartz substrate and corrected for the
background. Determination of the background was
made by deliberately misaligning the crystal so that
the non-specular reflection was measured on both sides
of the specular angle. The averaged off-specular signal
was then subtracted from the measured specular curve.
This procedure was performed for each system studied.
To illustrate the background correction procedure, Fig.
2 shows a representative reflectivity curve, the two
background curves and the background-corrected curve.
The scattering length density (SLD) and the film
thickness data were determined by fitting a model to
the reflectivity curve using the PARRATT 32 fitting

algorithm [39] and MLAYER algorithm developed at
NIST. Uncertainties for the best fit SLD and thickness
values were calculated from the experimental errors
using the method described in [40].

NR data of the crystals in air were used to character-
ize the thickness, SLD and roughness of the chromium
and gold layers. These parameters were used as starting
parameters for the subsequent fitting involving the
surfactant monolayers.

2.2. Synthesis of deuterated C15-4Py

b ‘N\ D 1)LDA E0, - 20°C _ D ‘N\ b
5 A ~p  2)Br(CD2)1sCDy, - 20°C - 1t 0 NP )
CD3 (CD2)14CD3

The procedure was altered from the previous synthesis
of 4-pentadecylpyridine [24]. To a flame dried 25-ml
round bottom flask was added 4-picoline-d; (1.04 mmol,
104 mg, 100 pl, C—-D-N isotopes, 98.7%D) and dry
Et,O (5 ml) and the mixture was cooled to —20 °C.
LDA (1.05 eq, 1.09 mmol, 1.5 M, 0.73 ml) was added
dropwise and the solution was stirred for 1.5 h. Neat 1-
bromotetradecane-d,9 (1.00 eq, 1.04 mmol, 316 mg,
C-D-N isotopes, 98.3%D) was added and stirring
continued for an additional hour. The cold bath was
removed and the mixture was stirred overnight, diluted
with Et,O (15 ml) and filtered. The Et,O filtrate was
washed with water (5 x 20 ml), brine (20 ml) and dried
over Na,SO,. The solvent was removed in wvacuo
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Fig. 2. The influence of the background correction on the specular reflectivity data is shown. The uncorrected specular data are shown by the square
data points, while the triangles and circles show the background reflectivity determined with the two off-specular measurements. The solid line is the
result of subtracting the averaged, off-specular data from the specular measurements.
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yielding 4-pentadecylpyridine-dss (210 mg, 62%, 94.7%
pure (GC determination)) as an oil. The product was
chromatographed twice (silica gel, flash conditions,
(15% EtOAc/hexanes)) to yield 4-pentadecylpyridine-
dsys as a pale yellow oil, 166 mg (49%), 98.9% purity
(GC), mp 19.5-20.5 °C.

2.3. Spectroscopic data

H-NMR (61 MHz, CDCls), : 8.50 (br s, 2H), 7.12
(br s, 2H), 2.53 (br s, 2H), 1.54 (br s, 2H), 1.17 (br s,
24H), 0.81 (br s, 3H).

3C {?H broadband decoupled} (150 MHz, CDCls),
0:151.4,149.1, 123.3, 34.1, 30.4, 29.0, 28.3 (br, intense),
28.1, 28.0, 27.8, 21.3, 12.8.

IR (neat): v 2197 (C-D), 2095 (C-D), 1567, 1558,
1536, 1301, 1087, 970 cm ~ .

MS (EI), m/z (%): 324 (M), 27), 275 (21), 114 (73),
86 (67), 84 (100).

Elemental Analysis for C,oD3sN Calc: C 74.03, D/as
H 10.80, N 4.32%. Found: C 73.98, D/as H 10.49, N
4.17%.

2.4. Background and methodology

Since this paper is addressed to electrochemists less
familiar with NR, we will give some background that
should help the interpretation of the neutron reflectivity
data presented in the following section. The reflection of
neutrons is well understood and there are a number of
reviews that provide a rigorous treatment of the
theoretical foundations of this technique [41—46]. The
specular reflection of neutrons from an interface con-
sisting of multiple parallel phases is described by the
same law as the reflection of an electromagnetic wave
polarized in the direction normal to the plane of
incidence. The reflection of neutrons from a multi-
laminar interface can be calculated in an analogous
fashion to the optical matrix method for electromagnetic
radiation described by Hansen [47], or equivalently by
Parratt’s recursion method [39], provided the SLD (see
below), roughness and thickness of each layer are
known.

For neutrons, the refractive index of a given phase
may be calculated from the knowledge of SLD p using
the formula:

n=1—(’/m)p (1)

where £ is the neutron wavelength. The dependence of
the SLD on the composition of a given phase is
described by the formula:

p=)_bm by
J

where b; is the scattering length and »; is the number
density of atomic species j. The neutron scattering

length is determined empirically and the value for
various elements and their isotopes are tabulated [48].
The isotopic variation in scattering length leads to an
intrinsic advantage of neutron reflectivity over similar
techniques employing electromagnetic radiation such as
X-ray reflectivity and surface plasmon resonance. As
different isotopes have differing scattering lengths one
can probe specific parts of a system by introducing
controlled isotopic variation.

When the SLD profile of an interface is known, a
matrix method or a recursion method is usually used to
calculate reflectivity curves. However, for pedagogical
reasons the relation between the reflectivity and the
structure of the interface is better revealed by the
analytical expressions derived with the help of the
kinematic approximation [49]. The kinematic approx-
imation has been shown to describe the reflection of
neutrons from stratified media very well when the
reflectivity is significantly less than unity. In the simplest
case, when a film of p; and thickness 7; is sandwiched
between two phases of identical SLD p, the expression
for the reflectivity is given by [42]:

1672 .
R= Q’; [4(p1—p>2 sm{%’)} 3)

where the reflectivity is proportional to the square of the
difference between the SLD of the film and the backing
and fronting phases and inversely proportional to the
fourth power of the momentum transfer vector. While in
spectroelectrochemical studies, the reflectivity of
photons is frequently plotted as a function of the angle
of incidence (6), Eq. (3) shows that in the case of
neutrons it is convenient to plot the data as a function of
the momentum transfer vector Q, (where Q, =4n sin 6/
A).

In our case, the reflection of neutrons took place at an
interface consisting of five parallel phases as schemati-
cally shown in Fig. 3. Table 1 lists the numerical values
of the scattering length densities of the materials used in

Chromium undercoat

Thin Organic Layer

Fig. 3. Schematic representation of the interface consisting of five
parallel phases employed in our studies.
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Table 1

Calculated SLD values for the materials used in this study
Material/substance p x 10%A 72

Quartz 4.18

Chromium 3.03

Gold 4.50

—CH,- —0.49 (determined for CyoH,y)
-CD,— 6.60 (determined for C;¢Dyy)
D,O 6.37

H,O —0.56

this study. Each phase contributes to the measured
neutron reflectivity and to understand the shape of the
experimental reflectivity curves presented in the next
section, it is instructive to examine the contribution of
the individual lamina. To do this we have used the
recursion scheme for stratified media described by
Parratt [39] to calculate the reflectivity of a simulated
interface. These calculated reflectivities are then com-
pared to the reflectivities predicted by the kinematic
approximation.

We start by first looking at a 20 A thick film of
hydrogenated surfactant deposited on gold. To simplify
the analysis a mixed D,O/H,0 solvent is simulated such
that the SLD for the solvent is contrast matched to the
gold (gold contrast matched water or GCMW). We also
temporarily neglect the presence of the quartz (SiO,)
and the thin film of Cr. Curve 1 of panel A in Fig. 4
plots the SLD profile in the direction normal to the
interface. The reflectivity curve calculated for this
profile is presented in panel B and shows the reflectivity
decreases quickly with Q,. This decay is modulated by
the interference between neutrons reflected from the
front and the back sides of the organic film lamina. In
panel C the same set of data is plotted as QZ/R/8n
against Q,. This presentation eliminates the Q,*
dependence of the reflectivity and allows a better
analysis of the interference fringes. Consistent with Eq.
(3), the period of the oscillation is equal to AQ, =2n/7;
which gives the thickness of the film 7;. Also the
amplitude of the oscillation gives the absolute value of
the difference between SLDs |p;—p/|, from which
information on the composition of the film can be
determined, with the help of Eq. (2).

Fig. 4. (a) Calculated SLD profiles for components of the interface
shown in Fig. 2, assuming that the SLD for the solution phase is
contrast matched to gold. Blue ribbon (curve 1), hydrogenated film
with a solvent contrast matched to gold, chromium and quartz
neglected; red ribbon (curve 2), chromium layer, solvent contrast
matched to gold without organic film; green ribbon (curve 3), SLD
profile with chromium and a film of hydrogenated species. (b)
Reflectivity curves calculated from the SLD profiles in Fig. 2a. (¢)
Plot of Q2 /R/8m vs Q, calculated from the reflectivity curves shown in
Fig. 2b.
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We now turn our attention to the role of the
chromium layer. A chromium layer has to be present
in order to ensure adhesion of the gold to the quartz.
Curve 2 in Fig. 4a plots the SLD profile for an interface
that consists of quartz, 20 A Cr, gold and gold matched
solvent in the absence of the film. The SLD contrast
between Cr and either adjacent layer (gold and quartz
have very similar SLDs) is very weak and as Fig. 4b
shows the reflectivity is much lower in this case. The
effect of the SLD contrast on the amplitude can be
conveniently seen when the data are plotted as Q2/R/8n
in Fig. 4c. Curves 1 and 2 in Fig. 4c have the same
periodicity (because they have the same thickness).
However, curve 2 has much lower amplitude consistent
with the much lower contrast shown in the SLD profile
in Fig. 4a.

Finally, we place the film of organic molecules on a
100 A thick gold film sputtered on top of the Cr layer.
The SLD profile at the interface is now represented by
curve 3 in Fig. 4a. The reflectivity curve corresponding
to this profile shows a new interference fringe pattern
with higher frequency due to the thick gold layer. Now
when the gold is sandwiched between the chromium
layer and the organic film its presence becomes visible.
Curve 3 in Fig. 4c demonstrates that this pattern results
from a sum of two periodic functions. A low frequency
component whose periodicity is determined by the
thickness of the organic film and to a lesser extent
from the chromium, which has the same thickness but a
much lower amplitude, and a high frequency component
determined by the thickness of the gold film.

The preceding discussion reveals how neutron reflec-
tivity can be used to provide direct information con-
cerning both the thickness and the composition via the
SLD of the various layers in the interface. This
constitutes an advantage over ellipsometry or surface
plasmon resonance methods where the value of the
refractive index (composition) of the film is usually
assumed in order to determine its thickness. However, in
order to directly determine these quantities the reflec-
tivity has to be measured in a sufficiently large range of
Q, so that at least one half of the longest period
interference fringe, corresponding to the thinnest layer
in the interface, is observed on the reflectivity curve. In
fact, the spatial resolution for a film of thickness 7 is
defined as 7 =m/Q, max Where Q,max is the maximum
momentum transfer vector accessible to the experiment
[41].

The NG7 line at the NIST Center for Neutron
Research (NCNR) allows one to measure reflectivity
up to Oy max =0.25 A~ At the NG1 reflectometer at
the NCNR, experiments can be run routinely up to 0.3
A~1[9,11] and in an exceptionally well-designed experi-
ment even up to 0.7 A~! [12]. For Oz.max =0.25 A1,
the spatial resolution is ~ 12 A and for Oymax =0.15
A~1itis ~20 A. This resolution is sufficient to study

polymer films or corrosive layers with the thickness on
the order of 100 A. However, it imposes a limitation on
studies of monolayers and bilayers of surfactants and
phospholipids where the thickness of the adsorbed film
is comparable to the spatial resolution.

The common procedure used to calculate the SLD
profile from the reflectivity curve is to guess the profile,
calculate the theoretical reflectivity curve using the
optical matrix or recursion method and to compare
the calculated and the observed curves. A least squares
iterative procedure is then used to vary the parameters
of the SLD profile until a good fit between the
calculated curve and the experimental data is achieved.
Although, the inversion of the reflectivity data is not
unique and the SLD profile calculated from the
reflectivity curve is not the only mathematical function
that fits the reflectivity curve, it usually gives a good
physical model of the interface. In order to reduce the
ambiguity and the potential non-uniqueness of the
fitting procedure, one can employ several different
contrasts whereby the experiment is performed using
different isotopic profiles. In our experiments we studied
a hydrogenated layer of C15-4Py against a mixture of
H,0 and D,O with an SLD matched to that of gold
(GCMW). The other contrasts studied consisted of a
hydrogenated organic film against a solvent composed
of D,O and an inverted contrast, consisting of a
deuterated C15-4Py (d-C15Py) film measured against
an H,O backing.

To further reduce the number of adjustable para-
meters it is critical to determine a portion of the
structural information from an independent experiment.
In our case, the thickness, roughness and the SLD of
chromium and gold layers sputtered onto the quartz
crystals were determined independently by measuring
the neutron reflectivity of the crystals in air. Typical
neutron reflectivity data for one of the crystals in air is
shown in Fig. 5. The solid line is the least-square fit to
the data and the resulting SLD profile is shown in the
inset. The fit parameters for all the crystals studied are
summarized in Table 2. The SLD for Cr and Au layers
are slightly higher than the values calculated for the bulk
phases. For Cr, slightly higher SLDs may indicate an
admixture of Au atoms that occurred during the
sputtering. Therefore, for crystal A the fit was done
assuming that the chromium layer can be divided into
pure Cr and intermediate Cr/Au laminae. One chro-
mium layer was sufficient to fit the data for crystals B
and C. Two fitting procedures were employed to
calculate the SLD profile for the film-covered electrode.
(1) The SLD, thickness and roughness of the gold and
chromium layers were assumed to be constant and equal
to the values determined for the crystals in air. In
addition, the roughness of the organic layer was
assumed to be equal to the roughness of the gold layer.
In this procedure, the only adjustable parameters were
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Fig. 5. Representative neutron reflectivity curve measured in air for
one of the Au/Cr modified quartz substrates used in the neutron
reflectivity studies.

the thickness and the SLD of the organic film. (2) The
SLD and the thickness of the organic layer determined
from the first fitting procedure and the data for
chromium and gold layers determined for the crystals
in air were used as initial values of a multi-parameter fit
in which for each phase all parameters were allowed to
vary to reach the minimum of the y* function. With the
exception of one case that will be discussed below the
differences between the fit parameters for the organic
film obtained by the two procedures were small.

3. Results

We have performed separate experiments on mono-
layers of C15-4Py involving three different contrasts. In
each case, we measured the reflectivity profile at two
potentials, one corresponding to the capacitive mini-
mum and the other sufficiently negative to cathodically
desorb the insoluble monolayer.

We start our discussion with a hydrogenated C15-4Py
film and GCMW-based electrolyte. These experiments
were performed on crystal ‘C’ where the SLD of the gold
layer was determined from the neutron in air experi-
ments to be 4.52 x 10~ A~2 (see Table 2). The exact

SLD of the GCMW solvent was determined by measur-
ing the reflectivity curve for the GCMW against a
silicon block. The experimentally determined SLD for
the GCMW was 4.50 x 10~° A2, Fig. 6 plots the data
obtained from the reflectometry experiments as Q2./R/
8n vs Q,. Curve 1 in Fig. 6 corresponds to the run at
E =100 mV and is qualitatively very similar to curve 3
in Fig. 4c. There is a high frequency oscillation super-
imposed on a lower frequency signal having maximum
amplitude of roughly 4 x 10 ¢ A~2at 0,~0.12 AL
As the solvent phase has been contrast matched to the
fronting layer (gold), Eq. (4) can be used to estimate the
thickness and SLD of the layer between the solvent and
gold. Doing so for curve 1 in Fig. 6 gives an approx-
imate SLD and thickness for this layer of 0.5 x 10~°
A~%and 26 A, respectively. The low frequency signal of
curve 2 in Fig. 6 has smaller amplitude (~2.8 x 10~ °
A2 at a maximum 0,~0.1 A~ ") and the period of its
low frequency signal has been shortened. This is
indicative of a thicker film with lower contrast com-
pared to curve 1 and indeed, using Eq. (4) one
determines a thickness of 32 A and an SLD of 1.3 x

Sr—————T———T 71—

(118)'R12Q,2 (x 108) / A2

0.20

Q, /A

Fig. 6. The experimental NR data obtained for the hydrogenated C15-
4Py film measured in GCMW based electrolyte at 100 mV (curve 1)
and —800 mV (curve 2) plotted as Q2./R/8n vs Q,. The solid lines are
drawn as a ‘guide to the eye’ to emphasise the low-frequency
component in the overall reflectivity signal.

Table 2

Fitting analysis results for the NR of the crystals measured in air

Crystal Cr layer Au/Cr layer Au layer 7
10° SLD/A=%  ¢/A g/A 10°SLD/A=?  ¢/A a/A 10°SLD/A=? /A olA

A 3.27 (+0.08) 20.7 (£0.8) 4.5 3.82 (40.06) 8.9 (+£1.0) 4.5 4.67 (£+0.04) 74.4 (+0.5) 4.5 1.8

B 3.28 (£0.06) 35.5(x1.2) 3.1 N/A N/A N/A 4.63 (£0.03) 146.3 (£0.8) 5.4 3.7

C 3.22 (40.08) 36.1 (+1.5) 3.0 N/A N/A N/A 4.52 (£0.04) 131.0 (£1.0) 5.4 3.1

Roughness in A. 32 =1/(N —0)Z¥ [(Roy — Roess)/ Tmeas]” Where N, number of experimental points; v, number of adjustable parameters; dyneas,

standard deviation for a given reflectivity point R.,;.
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107% A2 These numbers can only be considered
approximate values because the contribution of the
chromium layer to the overall reflectivity curve has
been neglected. Nevertheless, because of the poor
contrast between the Cr and its adjacent laminae (quartz
and gold) the Cr layer has only a relatively small
contribution to the reflectivity. Therefore, the values
determined for the adsorbed layer via Fig. 6 and Eq. (4)
provide excellent starting values to be used in the fitting
procedure.

Fig. 7a shows the results of the fitting analyses based
on Parratt’s algorithm for the reflectivity measurements
in GCMW at 100 mV. The points with error bars are the
experimentally measured data while the solid lines
represent the reflectivity curve calculated from the
best-fit model. The SLD profiles corresponding to the
best-fit model of the interface are depicted in the insets.

1 3 T T T T T T T

IS

1]

sLox 108 /A2

0.014

1E-3 4

80 -40 0 40 80 120 160 200 240 3§
ZIA 3

Reflectivity

1E-4

1E-5

1E-6 11—

1 § T T T

0.1

0.01

1E-3 4

80 -40 0 40 80 120 160 200 240 280]
ZIA

Reflectivity

1E-4 4
1E-5

1E-6

1E-7 4 : : :
0.00 0.05 0.10 0.15 0.20

Q, /A"

Fig. 7. Experimentally determined reflectivity curves (points with
associated error bars) and calculated reflectivity curves (solid lines)
from the best-fit modelling of hydrogenated C15-4Py (h-C15Py)
measured against 50 mM NaF in GCMW. Panel A shows the data
when the working electrode potential was 100 mV vs SCE and panel B
for the measurement at £= —800 mV vs SCE. Insets to both panels
provide the SLD profile of the interface in the direction perpendicular
to the surface; solid line for the fit with variable parameters of Cr and
Au layers; dotted line with fixed parameters of Cr and Au layers.

The first fitting procedure (with fixed parameters for Cr
and Au layers) gives values for the thickness and SLD of
the h-C15Py layer at 100 mV equal to 23.2+1.0 A and
(0.02+0.15) x 10~ A2 respectively. When the thick-
ness and SLD of the Cr and Au layers are allowed to
float (procedure 2) the fit parameters for the organic
film are 22.6+1.0 A and (—0.31+0.15) x 107° A~2,
The differences between the results of the two fitting
procedures are within the experimental errors. The film
thickness determined from the fit is only 10% smaller
than the thickness approximated using Eq. (3). Again,
the SLD of the surfactant layer determined from the fit
agrees favourably with the results predicted from the
analysis above. The fit parameters obtained by proce-
dure 2 are compiled in Table 3.

The SLD value of the layer can be used to estimate
the volume fraction, (x), of solvent present in the thin
organic film if one assumes that the layer consists of
only alkyl tails and solvent.

Protal = XPsolvent + (1 - x)porg (4)

The value of pgojvent is known (4.50 x 10~° A*Z) while
the SLD of the film of a hydrocarbon molecules can be
determined from the density of n-alkanes to be —0.49 x
10~% A 2. Using Eq. (4), the volume percent of solvent
in the film is determined to be (10+3)% at 100 mV.

For £E= —800 mV vs SCE, the reflectivity curve and
the best fit to the data are shown in Fig. 7b. Solid line in
the inset to Fig. 7b plots the SLD profile, when the
experimental data are fit using fixed parameters of Cr
and Au layers. The best fit model reveals a 32.8 +1.8 A
film with an SLD of (1.45+0.26) x 10~ A~2 Again,
the results of the fitting procedure are in good agree-
ment with those predicted by Eq. (3). With the help of
Eq. (4) the volume percent of solvent in the film at —800
mV is estimated to be (39 +5)%. Apparently, when the
potential of the working electrode is changed from 100
to —800 mV vs SCE, the organic film swells, becomes
rich in water, but remains in a close proximity to the
electrode surface. Table 3 shows that when the para-
meters of the chromium and gold layers are allowed to
float the best fit gives a thinner film with lower SLD and
a significantly larger roughness. The dotted line in the
inset to Fig. 7b shows that when the thickness is
convoluted with the roughness the resulting SLD profile
is not too different from the profile determined from the
first fitting procedure. The new fit gives a somewhat
lower SLD of the organic film. Such behaviour suggests
that the surfactant molecules may be concentrated in the
middle of the film with the portion of the film adjacent
to the metal being rich in water.

In an effort to further verify the validity of our data,
we repeated the neutron reflectivity measurements using
two additional contrasts. In Fig. 8§ we present experi-
mental reflectometry data, the reflectivity calculated
from the best-fit modelling and the SLD profile normal
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Gold

6.3 (+1.3)
11.0 (+2.1)

3.24 (+0.06)
3.06 (+0.02)

SLD?

32.6 (+£1.6)
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26 (4+5.0)

100 mV

Fitting analysis results for the NR of the C15-4Py film-modified crystals measured as a function of potential
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procedure (i.e. the SLD and thickness of Cr and Au
layers were allowed to vary).

Table 3 lists the evaluated best-fit parameters for
these two experiments. For £=100 mV, reflectivities
with very good statistics were measured out to Q, =0.18
A~ despite the higher background arising from the
greater incoherent scattering of H,O compared to D,O.
The best-fit model for the measurement at £ =100 mV
gives a thickness for the d-C15-4Py film equal to 18 +3
A and an SLD for the organic layer equal to (5.65+
0.4) x 10~% A~2 The thickness is consistent with the
measurements performed on crystal ‘C’ with hydroge-
nated (h-C15-4Py). Again, the water content can be
estimated using a modified version of Eq. (4). The SLD
of H,O is equal to —0.56 x 10~ ¢ A2 while the SLD
for the organic film is determined based on the density
of per-deuterated alkanes and gives a value of (6.6 x
106 A_z). The water content is determined to be (13 +
3)%. This well-formed monolayer agrees quite closely
with the experiment performed at +100 mV with the
GCMW contrast.

By going to a potential equivalent to cathodic
desorption (—800 mV) one observes a pronounced
increase in the thickness of the organic film ( ~ 18-34
A) and a change in the SLD indicating more than 38%
of the volume is occupied by solvent. Again, these
results are in good agreement to the model determined
for the GCMW system. We wished to test the hypothesis
that surfactant molecules are concentrated in the middle
of the film and the region adjacent to the metal is water
rich. We introduced an interstitial layer of solvent
between the gold and the surfactant layer in our model
of the interface. When the fitting routine was allowed to
adjust this ‘two-layer’ model, the thickness of the water
layer was driven to zero and the SLD of the outer layer
became degenerate with the SLD determined for a one-
layer model of the film. We note that fitting a model to
the data for this potential gave the poorest fit in the
whole series of measurements. A brief inspection of the
data in Table 3 reveals the SLDs for the Cr and Au
layers are significantly lower that the values for bulk
metals. This behaviour suggests that, for crystal B, the
gold film became porous when in contact with the
electrolyte solution especially at the more negative
electrode potential. The poorer quality fit for this
substrate may therefore be related to poorer quality of
Cr and Au coatings. Due to beam time restrictions we
were not able to repeat this experiment using another
substrate.

The last contrast experiments to discuss were per-
formed on crystal ‘A’ using a monolayer film of
hydrogenated C15-4Py and D,O based electrolyte. The
reflectivity measurements were conducted at +100, —
300 and —750 mV vs SCE. Fig. 9a and b show the
reflectivity curve for potentials +100 and —750 mV
only. For —300 mV only the fit parameters are
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Fig. 9. Experimentally determined reflectivity curves (points with
associated error bars) and calculated reflectivity curves (solid lines)
from the best-fit modelling of hydrogenated C15-4Py (h-C15Py)
measured against 50 mM NaF in D,O. Panel A shows the data when
the working electrode potential was 100 mV vs SCE and panel B for
the measurement at £E= —850 mV vs SCE. Insets to both panels
provide the SLD profile of the interface in the direction perpendicular
to the surface.

reported. The solid lines represent the reflectivity profile
calculated from the best-fit model whose SLD profiles
are depicted in the insets. The results of the fitting
analysis for the hydrogenated C15-4Py monolayer in
D,O based electrolyte are shown in the last lines of
Table 3. At 100 mV, the thickness of the layer between
the gold and bulk electrolyte was 25+2 A and the SLD
of this layer was determined to be (0.87+0.1) x 10~°
A~2 Using Eq. (4) the water content in the film is
determined to be (20 +1)%. Evidently, the transfer of the
C15-4Py molecules to the electrode interface from the
air—solution interface was poorer for this experiment.
As the determined thickness of the film matches the
thickness for the previous experiments we assume that
the poor transfer of surfactant left bare patches on the
surface of the electrode leading to higher overall solvent
content in the film. The reflectivity data for a patchy
adsorbed layer at the interface can still be modeled and
analyzed in terms of uniformly stratified media as long
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as the area of the patches is smaller than the transverse
coherence length of the neutrons. Otherwise, the analy-
sis becomes very complicated see [52]. The neutron
coherence length is the distance over which the neutron
wavefront can be considered planar and for the range of
Q, values employed, it lies between 10 and 100 pm.

Changing the potential from 100 to —300 mV causes
a slight increase in the water content. This behaviour is
consistent with formation of pores in the film that leads
to poorer barrier properties [24] and with a change in the
conformation of the alkyl tails observed in recent
IRRAS studies [28]. The best-fit model for the reflectiv-
ity measured at a potential of —750 mV suffers from
weak reflectivity at Q, greater than ~0.12 A~!. The
drop in the reflectivity is qualitatively explained in terms
of a drop in the contrast between the SLD of the
adsorbed layer with the SLD of its fronting (gold) and
its backing (the D»O based electrolyte). Consistent with
this observation, the fit reveals that the SLD of the layer
adsorbed on the surface has increased to (3.76 +£0.2) x
10~ A ~2 With the help of Eq. (4), the water content in
the film at —750 mV is (62+3)%, three times of the
water content at 100 mV. Despite the poorer signal of
the reflectivity curve when E= —750 mV the fitting
results are consistent with the analogous measurements
for the two other contrasts.

4. Discussion and conclusions

We have employed NR to study the structure of a film
formed by C15-4Py molecules at gold electrode surfaces
using three different contrast systems. For all three
contrasts the thickness of the surfactant film at E= +
100 mV is on the order of 20 A and is comparable to the
length of a fully extended all trans C15-4Py molecule
[20], indicating that the film consists of a monolayer of
vertically oriented molecules with rather fully elongated
alkyl tails. In terms of solvent content, the results for the
d-C15Py in H,O based electrolyte system agree very well
with the results for the monolayer of hydrogenated
C15Py in an electrolyte contrast matched to gold. Both
films contain few defects as indicated by the low
quantity of solvent in the organic layers. In comparison,
the monolayer of hydrogenated C15Py measured
against D>O shows much greater amounts of solvent
in the film formed at E= 100 mV. This is not
unexpected result since we have already reported earlier
[20] that the minimum differential capacity for a
monolayer of C15-4Py deposited at a Au electrode
surface may vary between 8 and 4 uF cm ~ 2 depending
on the efficiency of the transfer.

The differential capacity may be expressed as follows:

c=" (5)

T

where ¢ is the permittivity and 7 is the thickness of the
adsorbed layer. For a perfectly condensed monolayer
film of C15-4Py, one can assume that t ~20 A and that
the permittivity is equal to the product of the permittiv-
ity of vacuum (8.85 x 107> F m ') and the square of
the refractive index of a fully hydrogenated species
(~1.4). These numbers give a minimum calculated
capacitance for a monolayer equal to ~1 pF cm 2.
At E=100 mV the capacity of the film free interface is
equal to ~ 35 pF cm ™2 With the help of the formula:

C() B Cﬁlm
CO - Cl

0= (6)

one may calculate the fraction of the electrode surface
covered by the C15-4Py molecules. In Eq. (6), Cj is the
capacity of the film free interface and is equal to 35 uF
cm~?); C; (equal to 1 pF cm ™ ?) is the capacity of the
electrode covered by the film and Cpy, is the experi-
mentally observed capacity of the film covered electrode
the value of which varies between 8 and 5 uF cm ~ 2. The
higher value of Cgypy, gives a film of 79% and the lower
value yields 88% coverage. These numbers correspond
to water contents of 21 and 12%, respectively, which are
comparable to the water content in the films transferred
onto the gold-coated quartz crystal in this work.

We would like to emphasize that Eq. (6) is approx-
imate and that capacity can provide only approximate
information concerning the water content in the film.
Eq. (5) shows that capacity depends on the ratio of the
permittivity and the thickness. Therefore, one has to
assume the thickness to calculate the permittivity
(composition of the film) or vice versa. In contrast,
with the help of NR we were able to determine the
thickness and the composition of the film independently.
This is an important information that has already been
used to calculate the tilt angle of the alkyl chains and the
orientation of pyridine moiety in the film from PM
IRRAS data, recently [28].

The NR data at potentials corresponding to cathodic
desorption (—800 or —750 mV) answer the question of
where the surfactant aggregates are located with respect
to the electrode surface. Cumulatively, our fits to the
three measurements with different contrasts indicate
that surfactants remain in a layer adjacent to the
electrode surface that is on the order of 30 to 40 A
thick. The results did not indicate that a water layer is
separating the molecular aggregates from the electrode
surface at negative potentials. They show that at
sufficiently negative potentials the film swells and that
leads to a significant influx of water into the film.
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This behaviour is consistent with the model of a
potential controlled de-wetting of the electrode surface
from a film of organic molecules proposed in [25]. The
model predicts that the de-wetting involves fragmenta-
tion of the film into drop like aggregates. The contact
angle between the aggregate and the gold surface
increases, when the potential becomes more negative.
Consequently, the film changes from having a lens-like
appearance to a pear-like or ‘wasp-nest’ appearance.
Images of such a potential controlled change in an
organic layer deposited onto an electrode surface were
shown by Ivosevic and Zutic [53]. The formation of
these weakly attached aggregates (‘wasp-nests’), would
lead to an overall thicker but much more porous organic
layer. In principle, NR can be used to determine the
shape of such aggregates [54]. Therefore, we have
performed simulations similar to the one described in
[54]. These calculations indicate that in our case the
reflectivity measurements would have to be carried out
with a resolution of ~8 A up to Q,max 0.4 A " to
distinguish between various shapes of the aggregates.
The resolution of our measurements was insufficient to
determine the fine structure of this film. However, recent
methodological advances [12] indicate that such mea-
surements should be possible in the near future.

We have demonstrated that NR can provide unique
information concerning the water content and the
thickness of an organic film at an electrode surface. In
addition, we have shown that NR should be the
technique of choice when one needs to determine the
location of surfactant molecules desorbed from the
electrode surface, at negative potentials. NR is a
relatively new technique that electrochemists should
add to the repertoire of ‘nontraditional methods’ used
to study organic films at electrode surfaces.
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